The nutristat, a substrate concentration-controlled continuous culture, was used to grow pentachlorophenol (PCP)-degrading microorganisms. The PCP concentration control system consisted of on-line measurement of the PCP concentration in the culture vessel with a tangential filter and a flowthrough spectrophotometer. With PCP concentrations between 45 and 77 ,uM, a stable situation was established in the nutristat, with an average dilution rate of 0.035 0.003 h-1. Compared with those of fed-batch cultures and chemostat cultures, the growth rates of microorganisms in the PCP nutristat were significantly higher, leading to considerable time savings in the enrichment procedure. In addition, PCP accumulation to severe inhibitory levels in the culture is prevented because the set point determines the (maximum) PCP concentration in the culture. The use of the nutristat as a tool for the growth of bacteria that degrade toxic compounds is discussed.
Pentachlorophenol (PCP) has been widely used as a biocide, which has led to pollution of the environment (17) . Enrichment for and isolation of PCP-degrading microorganisms facilitate studies of the potential for biodegradation of PCP. However, for toxic substrates such as PCP, some standard enrichment procedures are not effective (for a review, see reference 1). For instance, in order to use agar plates for the isolation of PCP-degrading bacteria, high PCP concentrations are needed for visible growth.
To circumvent this problem, Saber and Crawford (14) used very small amounts of PCP and a pH indicator (bromothymol blue) to trace PCP-transforming and consequently acid-producing microcolonies (growing on impurities in the agar plates). Prior to the isolation, they used sequential batches, i.e., small quantities of PCP were added to the batch culture whenever complete disappearance of PCP was observed. This method can be time-consuming and laborious, since PCP levels in the culture have to be analyzed continually and PCP degradation is often slow and irreproducible.
The fed-batch culture may be a successful technique for the enrichment of PCP-degrading microorganisms (2, 5, 12) . A major advantage of the fed batch is that it provides a continuous supply of substrate for a persisting microbial population while keeping the substrate concentration generally below the toxicity level. However, we encountered some problems with the fed-batch technique for the enrichment of PCP-degrading microorganisms (12) . Effective operation of a PCP-degrading fed-batch culture was sometimes followed by a complete loss of PCP-degrading activity for unknown reasons. This was apparent from the accumulation of significant and inhibitory amounts of PCP in the culture, after which PCP degradation was inhibited for a prolonged period of time.
In order to prevent accumulation of PCP to inhibitory levels, we used the PCP nutristat, a continuous culture with on-line measurement and control of the PCP concentration * Corresponding author.
in the culture vessel, in the enrichment procedure. In contrast to fed-batch and chemostat cultures, with the PCP nutristat, it is possible to grow PCP-degrading microorganisms at or near the maximum growth rate.
MATERIALS AND METHODS
Media. The low-chloride mineral medium described by Vogel and Bonner (18) 1). On-line monitoring of the PCP concentration in the culture was achieved by continuous recirculation of culture broth (150 ml min-') through a tangential filtering device (Mini Ultrasette, Omega screen channel; pore size, 0.16 ,um; Filtron Technology, Karlstein-Main, Germany), providing a clear filtrate (0.15 ml min-'). This filtrate was monitored continuously at 313 nm (near the absorbance maximum of PCP [318 nm]) with a flow-through spectrophotometer (UV-MII; Pharmacia, Uppsala, Sweden; path length, 5 mm) and recirculated to the culture. The analog millivolt signal was used to control (set point on-off control) a peristaltic pump that supplied PCP solution and mineral medium to the culture.
A culture fluid level sensor was used to control a peristaltic pump for the discharge of excess culture broth from the middle of the fermentor, replacing the standard overflow device (Fig. 1 ). With this system, retention of biomass as a consequence of formation of aggregates and selective washout as a consequence of buoying cells were avoided. In addition, there was no visible wall growth during fed-batch cultivation and the nutristat experiment.
At the start of the nutristat experiment, the culture was exposed to 50 mg of cycloheximide (Sigma) per liter to prevent ingrowth of eukaryotic organisms.
Determinations. Concentrations of PCP in culture supernatants were determined by capillary gas chromatography. Samples (1 ml) were extracted with 0.5 ml of hexane (containing 0.1 mM 1,3,5-trichlorobenzene as an internal standard) on a whirling mixer twice for 15 s each. Extracts (1 ,ul) were analyzed on a CP-Wax 52 CB fused silica capillary column (length, 25 m; inner diameter, 0.25 mm; Chrompack) installed in a Perkin Elmer type 8500 gas chromatograph equipped with an electron capture 63Ni detector. Split injection (1:100) and a programmable temperature vaporizer were used, with nitrogen as the carrier gas (column pressure, 45 kPa). The oven temperature was 75°C for 1 min, increased from 75°C to 150°C in 3 min, to 230°C in 10 min, and to 250°C in 5 min, and kept at 250°C for 1 min. Quantitation was carried out with a computing integrator (Perkin-Elmer Nelson Systems, Inc.).
PCP concentrations in culture supernatants were routinely quantitated by measurement of the A318. TheA318 minus the A318 after complete degradation of PCP was used to calculate the PCP concentration. The absorbance coefficient of PCP at 318 nm in mineral medium was 5.21 x 103 mol-1 cm-'. The absorbance coefficient of PCP at 313 nm was 4.5 x 103 mol-' cm-1, which resulted in a detection limit for PCP in the nutristat equipment of about 2 ,uM (A313 = 0.005 in a 5-mm cuvette).
Chloride concentrations were determined with an ultrasensitive chloride-selective electrode (PHI 91100; Gam Rad West, Inc.). Samples (0.1 or 0.2 ml) were incubated for 1 min in 20 mM HNO3 as the electrolyte (total volume, 10 ml). Subsequently, the conductivity (in millivolts) relative to the conductivity of the standard (1 to 1,000 ,uM KCl) was used to calculate the chloride concentration.
Biomass was determined by protein content or by dryweight analysis. Protein content was determined by the method described by Peterson (9) . Dry weight was determined by the method described by Herbert et al. (4) . For calculation of the yield value, it was assumed that the carbon content of the biomass (dry weight) was 48% (11) .
The concentration of carbon dioxide in the effluent gas flow was measured with an infrared CO2 analyzer (PA404; Servomex) after drying with silica gel and dilution with nitrogen gas. Gas flows were determined with gasflow meters (Sho-rate; Brooks Instrument).
RESULTS AND DISCUSSION
A fed-batch culture with continuous feeding of PCP as the carbon and energy source was established by previously published protocols (12) . The PCP degradation rate in this culture was about 2 ,uM h-', and the PCP concentration was always lower than 1 ,uM. PCP was completely converted to CO2, inorganic chloride, and biomass, as judged from chloride release, protein and carbon dioxide determinations, and carbon mass balances. This culture was extremely sensitive to PCP, since a pulse of 10 ,uM PCP inhibited PCP degradation. In order to desensitize the culture, the medium pump (for mineral medium and PCP solution) was put under periodic time control of 1 h on followed by 23 h off (so-called discontinuous feed, in contrast to continuous feed). Because the pump speed was not altered, the PCP flow was restricted to about 2 ,uM day-' (24-fold decrease). Over the next 4 weeks, the daily PCP pulse was increased to about 50 ,uM day-1, and the culture thus recovered its former average degradation rate (about 2 ,uM h-'). Crucially, however, the culture was significantly desensitized for PCP compared with the original culture: each daily PCP pulse of about 50 ,uM was rapidly degraded (days -1 to 0 in Fig. 2) . The underlying mechanism of desensitization to PCP is very interesting but beyond the scope of this report.
After this preliminary procedure, the nutristat culture was initiated after a daily PCP addition by forcing the PCP concentration in the culture to about 61 ,uM, with the support of the system for on-line measurement and set point control of the PCP concentration (day 0 in Fig. 2 Cl-(aq) (Fig. 3B) , indicating complete conversion of PCP from the start of the experiment (rather than adsorption of PCP onto the biomass). Slight changes in Cl-concentrations in the culture reflected disbalance in mineral medium feed and the 10 mM PCP solution feed. The criteria for a possible steady-state situation were probably satisfied only at the end (day 10) of the nutristat experiment; four volume throughputs were achieved without significant change in the dilution rate or the concentrations of biomass, protein, chloride, and PCP. The growth yield coefficient with PCP as the only carbon and energy source was 0.16 ± 0.02 C-mol of biomass produced per C-mol of PCP consumed, which compared well with data reported in the literature. Radehaus and Schmidt (10) found a PCP yield coefficient of 0.16 C-mol C-mol-1 for a Pseudomonas sp. Some authors (5, 15) have reported yield coefficients of about 0.25 C-mol C-mol-1. In contrast, we think that these yield coefficients are quite normal for a highly chlorinated substrate such as PCP. In general, the electronegative character of a chlorine substituent affects the redox potential positively (19) . Thus, because PCP is relatively oxidized, a lower yield is expected than has been found for growth on more reduced hydrocarbons such as phenol (about 0.45 C-mol C-mol-1 [20] protein concentration did not increase as fast as the dilution rate, indicating a higher specific PCP degradation rate (and growth rate) for the starting cells (Fig. 3C) Light-microscopic observations revealed two major groups of gram-negative bacteria, small rods with a high motility and chains of 2 to 15 relatively large rod-shaped cells. These bacteria were not characterized further in this investigation. However, significant numbers of both populations were maintained throughout the nutristat experiment.
Nutristats are rare in microbiological research, only few studies dealing with them (3, 6, 8, 16) In order to construct a picture of the relationship of PCP concentration to growth rate and to calculate the kinetic parameters, we need to be able to control the PCP concentrations in the nutristat more tightly. Currently, besides isolation and determination of the bacteria involved in the PCP-degrading mixed culture, we are improving the system controlling the PCP concentration by the use of a microcomputer to adjust the PCP and medium flows.
